Abstract. The effects of processing method and nanofiller size on mechanical performance of biomedical thermoplastic polyurethane (TPU)-organosilicate nanocomposites were examined. High energy milled organofluoromica nanofillers having reduced platelet aspect ratio and tactoid size were produced in order to obtain an overall better dispersion and more efficient TPU-organofluoromica nanocomposite reinforcement. Regardless the processing method, the lower aspect ratio milled nanofillers resulted in improved quality of dispersion and delamination when incorporated into the TPU and hence induced greater mechanical properties as compared to the non-milled nanofiller. However, the high temperature applied in melt compounding process might induce some degree of degradation of the dual surfactants employed, producing free amines and alkenes that can subsequently reduce the molecular weight of the TPU. Therefore, the expected larger increases in mechanical properties of melt blended TPU nanocomposites were not observed.
Introduction
The application of silicone elastomers for biomedical is often limited due to the inherently poor mechanical properties of these materials, particularly in relation to tensile and tear strength, abrasion, and flex-fatigue life [1] . In contrast, Thermoplastic Polyurethanes (TPUs) generally have mechanical properties superior to silicone elastomers, are biocompatible and are now being commonly used as biomaterials [1] . A review of the current literature suggests that there is only limited research on developing TPU-layered silicate nanocomposites for biomedical applications. The next generation of Cochlear electrode arrays require insulating materials that are very biostable, easily processed and have substantially improved mechanical performance. The PDMS/PHMO-based TPUs represent potential candidates for this application due to their exceptional mechanical properties and biocompatibility. The use of organosilicates in achieving a TPU nanocomposite profile which engenders strength and toughness while maintaining flexibility and resilience is thereby, a novel and exciting field of exploration. It is anticipated that the incorporation of these engineered nanofillers will improve the mechanical properties of the PDMS/PHMO-based TPU without compromising the intrinsic elastomeric behaviour. Processing methods are known to have a significant influence on the delamination and dispersion of nanosilicate in the TPU matrix and hence the mechanical properties of the resultant nanocomposites. This is clearly observed through our previous findings [2, 3] . The melt compounding (MP) of thermoplastic polyurethane (TPU)-organofluoromica was observed to produce better silicate dispersion and improved TPU intercalation efficiency over the solvent casting (SC) method. However, even when a combination of melt compounding and silicate surface modification was employed, it was not possible to achieve fully exfoliated organofluoromica nanocomposites with the overall mechanical property profiles of interest. It was suspected that the as-received aspect ratio of this synthetic layered silicate was higher than what could be considered "optimal" for this TPU system. It was anticipated that by incorporating lower aspect ratio organofluoromica platelets with higher mobility and greater orientational freedom into the TPU that further enhancements to the mechanical properties would be possible. It was hypothesizes that a reduced aspect ratio would lead to increased dispersion quality and therefore interfacial surface area for more effective TPU-nanofiller interactions [2] [3] [4] . High energy milling is a technique that has been used to reduce the size and agglomeration of inorganic particles including layered silicates, in order to increase the surface area and improve the dispersion of the silicate in the polymer matrix [5] [6] [7] . Previous study by Finnigan et al. [5, 7] on the effect of milled organofluoromica in varying size fractions on the morphology and mechanical properties of the polyether-based TPU concluded that the smallest size milled organofluoromica (30 nm) resulted in reduced long-range intercalation, molecular confinement and subsequent stiffening, as well as more effective filler rotation and stress transfer from TPU matrix to filler as the elastomers are stretched. In this work, studies on a series of high energy milled organofluoromica nanofillers having reduced platelet aspect ratio and tactoid size were conducted in order to try and obtain an overall better dispersion and more efficient TPU-organofluoromica nanocomposite reinforcement. Both milled and non-milled organofluoromica were used as nanofillers, so that the effects of the milling process and platelet size reduction on the morphology and properties of the TPU nanocomposites could be better optimized and understood. In addition, both melt processing and solvent casting techniques were used to produce the nanocomposites, to further investigate the effect of processing routes to the properties of TPU incorporating organofluoromica.
Experimental
A poly(dimethylsiloxane)(PDMS) / poly(hexamethylene oxide) (PHMO) based TPU, commercially known as ElastEon E5-325 was used as matrix material, while a synthetic, high aspect ratio nanosilicate; fluoromica (Somasif ME100) was chosen as nanofiller. The fluoromica (Somasif ME100) was first surface modified with 75% dimethyldioctadecylammonium chloride (DODMAC) / 25% choline chloride (CC) using our established method [8] . The resulting 'organofluoromica' is denoted as MED-C. High energy milling was done using a Netzsch Laboratory Mill type LABSTAR LS1. The procedures were previously described elsewhere [4, 9] . The original non-milled organofluoromica (MED-C), the one hour milled organofluoromica (MED-C (1HM) and the two hour milled organofluoromica (MED-C (2HM) were used as nanofillers to study the effect of silicate platelet size on the morphology of the TPU. E5-325 TPU nanocomposites containing MED-C, MED-C (1HM) and MED-C (2HM) were prepared with a 2 wt% nanofiller composition by using two different methods; 1) solvent casting (SC) and 2) melt processing (MP). In the subsequent discussion, these nanocomposites are referred to as 2MED-C, 2MED-C (1HM), and 2MED-C (2HM). A number denotes the 2 wt% organosilicate loading in the TPU. The first two letters represent the nanosilicate used (ME=Somasif ME100) and the last two letters (D-C) represent the dual DODMAC/CC surface modification. The characters in the brackets; (1HM) and (2HM) denote the nanofiller size reduction process of 1 hour high energy milling and 2 hour high energy milling, respectively. The mechanical properties of the host TPU and associated nanocomposites were measured by tensile and tear tests (the methods were described earlier in [2] [3] [4] .
Organosilicate and nanocomposite structure
The average platelet lengths of the MED-C, MED-C (1HM) and MED-C (2HM) were measured to be ~640 nm, ~400 nm and ~250 nm respectively [4, 9] . The morphological studies of nanofiller and TPU nanocomposites by XRD, TEM, DMTA and SAXS analysis were reported earlier in previous publications [4, 9] , suggesting that the lower aspect ratio milled nanofillers resulted in improved quality of dispersion and delamination when incorporated into the TPU and these milled nanofillers interacted more preferentially with the TPU matrix.
Mechanical properties
The mechanical properties of solvent cast and melt processed E5-325 TPU (host and nanocomposites) are summarized in Table 1 , compared with the Nusil MED 4860, a silicone elastomer as control. The representative stress-strain curves are shown in Figure 1 . 
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Both the E5-325 SC and E5-325 MP display greater tensile properties when compared with the silicone material (Nusil MED 4860). The E5-325 SC shows increases of 152 % in tensile strength, 41 % in elongation at break, 146 % in toughness and 34 % in tear strength over Nusil MED 4860. Adding 2MED-C further increases the tensile and tear properties of this PDMS-based TPU. As hypothesised, further property profile enhancement has been achieved by the incorporation of the milled organofluoromicas into solution cast films. In comparison with the 2MED-C, superior mechanical properties were observed in both 2MED-C (1HM) and 2MED-C (2HM). The incorporation of the nanofiller with longest milling time (MED-C (2HM)) resulted in an overall highest tensile and tear strength, and Young's modulus with an increase by 27 %, 42 % and 46 % respectively (with respect to the host TPU). This is expected as 2MED-C (2HM) previously demonstrated improved distributive and dispersive mixing over 2MED-C nanocomposite [4, 9] . It is also known that as silicate dispersion and delamination improves, a point can be reached where inter-platelet interactions and "networking" can increase stiffness. This is indeed displayed in the 2MED-C (2HM) system, where significant increase in Young's modulus was observed. The tensile strength and toughness values of the host E5-325 SC and E5-325 MP TPU were determined to be statistically no different. This is expected because both materials show only slight differences in number average molecular weights (Mn), weight average molecular weights (Mw) and polydispersity indices (PDI) as detected by size exclusion chromatography (SEC) (see Table 2 ). This indicates that the maximum temperature of 210 °C applied for melt compounding did not degrade the host TPU, but rather only slightly broadened the molecular weight distribution. Note that, the molecular weights of the nanocomposites were not examined to avoid the possibility of organosilicates entering the separation columns [4, 5] . Based on morphological finding, the melt processed nanocomposites were expected to show higher mechanical properties than the solvent cast nanocomposites as they had previously shown the best silicate dispersion and exfoliation in the TPU [4, 9] . However, it can be observed that, the tensile strength and toughness of the melt processed and solvent cast nanocomposites show no statistical difference. This suggests that, in addition to the degree of silicate delamination, the TPU molecular weight and the morphology of the hard microdomains also played important roles in affecting the mechanical properties of the nanocomposites [2] [3] [4] . It has been reported by Edwards et. al [10] that the degradation of organic surfactant compounds from the organosilicates during the processing may have a significant impact on the morphology and properties of the TPU. By using solid phase microextraction techniques, they revealed that the degradation products from the organosilicates held at 210 °C were free amines and alkenes. As the TPU undergoes trans-urethanization during high temperature processing in the extruder, these components may react with the urethane linkages, thus resulting in shortened segmented copolymer chain length and reduction in mechanical properties [10] . Therefore, it can be postulated that the failure to obtain more significant increases in mechanical properties of the melt processed nanocomposites was attributed to a reduction in TPU molecular weight brought about by degradation of the DODMAC/CC surfactants during the extrusion. This is because; the temperature of 210 °C used for melt compounding could certainly evolve the organic species from the organosilicates and thereby reduce the molecular weight of the TPU. The mechanical properties of the melt processed nanocomposites exhibited a similar trend as the solvent cast counterparts, with regard to the effect of organosilicate milling. The two hours milled 2MED-C resulted in the overall best mechanical performance. Clearly, the enhancement of mechanical properties in this system is directly related to the reinforcement provided by the better dispersed and exfoliated 2MED-C (2HM) nanolayers in both solvent cast and melt processed TPU nanocomposites.
Summary
When introduced at 2 wt%, the two hours milled organofluoromica (2MED-C (2HM)) resulted in an overall best mechanical performance in both solvent cast and melt processed TPU. Thus, these properties enhancement is directly attributed to the reinforcement provided by the better dispersed and exfoliated organofluoromica nanolayers. However, the high temperature compounding process might also induce some degree of degradation of the DODMAC/CC surfactants, producing free amines and alkenes that can subsequently reduce the molecular weight of the TPU. This is believed to happen in the melt processed nanocomposites, where the expected larger increases in the mechanical properties were not observed, eventhough the dispersion / exfoliation of the nanofiller was greater in the melt processed TPU matrix.
